Introduction
An essential step in the experimental analysis of protein folding pathways is the determination of the structure of transition states (Fersht, 1995) , which can only be accomplished through kinetic studies. A procedure has been described for analyzing transition state structure at the level of individual residues (Fersht, 1993 (Fersht, , 1994 . This analysis yields a parameter F F for the residue probed that is an index of local structure during folding. A F F value of 0 means, in terms of energy, that the interactions made by the residue of interest are completely lost in the transition state. Conversely, a F F value of 1 indicates that the interactions the residue makes in the native state are retained in the transition state. In the absence of artifacts, F F can be interpreted as reflecting the native structure formation in the transition state around the residue of interest. Intermediate values of F F signify that the structure is weakened because of either partial structure formation or a dynamic equilibrium between folded and unfolded conformations. These intermediate values are particularly difficult to interpret in structural terms, as the F F values and extent of native structure are not linearly related.
In a sense, F F data are similar to the nuclear Overhauser effect crosspeaks (NOEs) used to determine solution structures by nuclear magnetic resonance (NMR) spectroscopy. NOEs are grouped into classes based on their intensities, or strength of interactions between proton pairs, ranging from non-existent, weak, medium to strong. Unfortunately these NOEs do not immediately provide three-dimensional structures of a protein. Instead, one needs theory, such as distance geometry and/or molecular dynamics techniques, to generate models consistent with the experimentally derived constraints. Likewise, protein engineering studies provide many F F values that reflect local, and perhaps non-local, structure but a model or theory is required to define the structure of the protein in the transition state. Just as molecular dynamics has become an integral part of solving solution and crystal structures, we are attempting to bridge the gap between F F values and structure by using molecular dynamics simulations of the protein unfolding process to generate plausible transition state models. Unlike NOEs, however, the F F values are not used as restraints during dynamics, such that the two methods are independent but complementary. By combining these two approaches, we hope to obtain a working model for evaluating properties of the transition state, which of course eludes conventional structural techniques.
Since kinetics rather than equilibria are being analyzed, a transition state must be identified from a molecular dynamics trajectory for comparison with experiment. We have chosen to analyze a particularly suitable protein, the barley chymotrypsin inhibitor 2 (CI2), because it folds and unfolds by simple two state kinetics (Jackson & Fersht, 1991) . Thus, the major rate determining transition state can be investigated in the direction of either folding or unfolding. In addition, the protein is small (64 residues), making it a good choice for molecular dynamics simulations in solution.
Recent independent investigations of the transition state of folding/unfolding of chymotrypsin inhibitor using combined protein engineering and kinetic experiments (Itzhaki et al., 1995) and molecular dynamics simulations (Li & Daggett, 1996) have been described. The experimental study outlines the results and analysis of an extensive array of mutations spanning the entire protein. The second study describes the identification and characterization of the transition state for unfolding from molecular dynamics simulations. As mentioned above, the quantity F F is central to the description of the structure of the transition state, as probed experimentally. To facilitate comparison between these F F values and the simulations, Li & Daggett (1994) introduced a quantity F MD , which reflects the extent of native van der Waals packing interactions surrounding the residues of interest in a transition state model. The focus on local packing interactions was spurred by the earlier findings of Jackson et al. (1993a) that the destabilization free energy of the native state upon mutation, DDG F-U , is linearly correlated with the number of methyl/ methylene groups surrounding the deleted portion of the residue in the crystal structure.
F MD has similar structural interpretations to F F : a value of 0 indicates that the transition state at the probing site is unstructured while a value of 1 indicates that the extent of packing is native-like. The calculated F MD values are in good agreement with experiment for hydrophobic deletion mutations in the core of the protein, as they are based on packing considerations (Li & Daggett, 1994 . However, the interpretation of F MD for other types of mutations is difficult, as F MD does not account for secondary structure, solvation effects, other interactions important for mutations occurring on the surface of the protein or those involving polar t non-polar changes. Here, we define a new quantity, which we will refer to as a structure index, S, that reflects both the backbone conformation (S 2°f or the secondary structure component) and tertiary packing (S 3°) of a residue in the molecular dynamics-generated transition state models, which can be applied to any residue in the protein (see Methods). Unlike F F and F MD , which are based on interaction energies and tertiary contacts, respectively, S is directly related to structure. Like F F and F MD , however, it adopts values between 0 and 1. Therefore, when S and F F agree, S can be used to evaluate the probable contribution of secondary and tertiary interactions to the transition state around the residue of interest. In addition, S should also aid in interpretation of fractional F F values, because we are referring to actual structural quantities from the models and, to the extent the models represent the experimental situation, they can be used in interpreting the experimentally derived quantities.
Results and Discussion
In the discussion that follows, we address different structural components of CI2 and compare the calculated S and experimental F F values. The F F values have been determined in water and in guanidinium chloride. Because the simulations were performed in water, we use the F F values obtained in pure water (Itzhaki et al., 1995) exclusively. We focus on one particular simulated transition state (MD1 and its transition state, TS1, see Li & Daggett, 1996) , except where the other transition states (TS2, TS3, and TS4 from three other independent denaturation simulations) differ or when a particular point is being emphasized. When S and F F are referred to together, they are collectively called F. The relative contributions of secondary and tertiary structure to the S values are used to gain a better understanding of the detailed structure of the transition state. Implicit in what follows is that if S is in good agreement with F F , the molecular dynamics-generated models adequately represent the actual transition state of unfolding at the probe site and can be viewed as detailed structural models for the transition state. Each (Harpaz et al., 1994) . The secondary structure elements defined by Otzen et al. (1994) are labeled. The main hydrophobic core of CI2 is to the left of the b-sheet and is formed by packing between residues in the sheet, helix and N-terminal loop. The minicore lies to the right of the b-sheet and involves packing of sheet and active site loop residues. This Figure and Figure 5 were made using Molscript (Kraulis, 1991) . map). However, Ser12 is at the interface of the loop and helix and acts as an N-cap of the helix (Richardson & Richardson, 1988; Harpaz et al., 1994) . The carbonyl oxygen of Ser12 forms a regular i : i + 4 hydrogen bond with Ala16 and its hydroxyl oxygen interacts strongly with the amide hydrogen of residue 15 (the distance between the two atoms is 2.11 Å ) in the crystal structure (after the addition of hydrogens to the structure).
The helix has been exhaustively scanned and it gives a gradation of F F values from 0.5 to 1.3. Two possible explanations for this finding are that the helix is present but weakened or that there are parallel transition states with dramatically different helix contents (Sali et al., 1994) , i.e. some with the helix totally structured and others with the helix entirely unfolded, such that a fractional F F value is obtained. Experimental data presented by Fersht et al. (1994) suggest that the helix is weakened and rule out the idea of parallel transition states.
Both experiment and simulation indicate that the a-helix is the most structured region of CI2 in the transition state (Table l) . According to the simulation, the helix content is high, dropping from 98% in the native state to 91% in the transition state. However, the helix content fluctuated considerably compared to the native state and many individual helix : coil transitions occurred in the transition state region of the trajectory. While experiments demonstrate that the a-helix is destabilized in the transition state Itzhaki et al., 1995) , they do not directly report on the secondary structure. The simulation shows that the backbone conformation of the helix is only slightly perturbed, although variations in S values along the sequence are evident (Table 1, Figure 2 ).
The packing of the helix against the b-sheet forms the major hydrophobic core, which has been studied and discussed in depth (Jackson et al., 1993b; Otzen et al., 1994; Itzhaki et al., 1995; Li & Daggett, 1994 . Those studies indicate that the core of CI2 is partially structured in the transition state and therefore high F values for helical residues facing the core are not surprising, but the high values for residues on the surface of the helix are unexpected. The simulation provides an explanation for this behavior. As discussed by Li & Daggett (1996) for residue Val19, the side-chains in the loop/extended strand preceding the helix moved towards this residue in the transition state. This movement, along with other local side-chain conformational changes on the surface, led to good packing interactions in the transition state. Another consequence of the side-chain rearrangements around Val19 is tighter packing around the side-chain methylene group of Asp23. These packing contacts are predominantly with Val19 and Ile20, and somewhat with Trp5, causing the immediate environment around Asp23 to become more hydrophobic (in the native state Asp23 is close to the e-amino group of Lys2, 3.7 Å ). Substitution of Asp23 by Ala would presumably be favored in this situation, thereby providing a possible explanation segment of secondary structure in the native state is treated in turn below (the secondary structural boundaries used by Fersht and colleagues are employed, see Figure 1 ).
N-Terminal loop-extended strand (residues 1 to 11)
The first 11 residues of CI2 are relatively extended in the native state ( Figure 1 ). Both the F F values from experiment and the S values from the molecular dynamics simulation are <0.2 (Table 1 and Figure 2 ). These low values indicate that this segment is unstructured in the transition state. Residue 7 is an exception, however, and appears to be partially structured in the transition state (F F = 0.4). The breakdown of S for residue 7 indicates that it makes 75% of the packing contacts of the native state but the main-chain structure has changed considerably in the transition state, leading to a low S value (Table 1) . Some residues in this region are involved in the b-sheet and are discussed further below.
a-Helix (residues 12 to 24)
According to the definition of secondary structure based on (F, C) dihedral angles used by Li & Daggett (1994 , residue 12 is not part of the a-helix (it is in the b-region of the Ramachandran 
, where S3°= (no. of tertiary contacts in the transition state)/(no. of tertiary contacts in the native state) and S2°= the average percentage of native secondary structure for residue i and its flanking residues in the transition state. See the text for further details. c, Indicates residues in the main hydrophobic core and mc indicates those in the minicore. For a particular residue, the S values are independent of the mutation and do not change, but the experimental values can differ. S2°v alues for double and triple mutants are calculated by averaging the S2°values of the individual residues, and S3°is the ratio of the sum of the number of tertiary contacts for the residues in question in the two conformational states.
a The interpretation of the kinetics is that Val19 makes more contacts in the transition state than in the folded state, but some are non-native contacts that destabilize the transition state (Jackson et al., 1993b) . On this basis, for comparison to S, we consider FF = 1.3.
for stabilization of the transition state upon mutation as reflected in the observed increase in the refolding rate upon mutation (Itzhaki et al., 1995) .
In contrast to the local increases in packing around Val19, there was a diminution in the packing interactions of the residues in the interior because of the disruption of the core, leading to lower S values. Thus, it appears that the fractional F values and their variation along the sequence may be due to differential packing interactions between the native and transition states as opposed to a dramatic change in the secondary structure content. Furthermore, the F values for the interior residues reflect both secondary and tertiary structure, while those on the surface are due to secondary structure and very local packing interactions with other helical residues. However, it must be emphasized that although the static picture in Figure 2 suggests that the helix is nearly perfectly formed in the transition state, it is dynamic (91(214)% a-helix) and weakened relative to the native state. In addition, the helix content varies among the different simulated transition states. For example, in TS3 the helix content is 80(214)% (Table 2 of Li & Daggett, 1996) . Otzen et al. (1994) and Itzhaki et al. (1995) have discussed the transition state of folding of CI2 and its implications for protein folding mechanisms. They argue that since no one segment or region of CI2 is intact in the transition state the framework model is not applicable, or at the very least the secondary structure is only weakly formed and then coalesces. The simulations support this argument in general, especially for the b-sheet (discussed below). Regarding the helix, the simulation shows that it is only weakly structured before entering the transition state from the folding direction, even for a transition state with a very structured helix (TS1, Figure 3 ). As the structure becomes more compact and tertiary interactions develop more fully, the helix content increases and exceeds 90% in the transition state. Further rearrangement of sidechains and consolidation of secondary structure occurs within a globally collapsed structure (also see Figure 5 of Li & Daggett, 1996) .
Turn (residues 25 to 28, 52 to 54)
Residues 25 to 28 connect the a-helix with b 3 (Figure 1 ). The experimental and calculated F values are in good agreement ( Table 1 ) and indicate that there is little native structure in this region. Comparison of the crystal structure in Figure 1 with the transition state model in Figure 2 indicates that the turn is more extended in the transition state to accommodate the movement of the helix away from the core. In addition, the kink at Pro25 is alleviated in the transition state, and this residue retains little local native structure. However, its tertiary interactions in the transition state are predicted to be greater than native (Table 1) .
Prat Gay et al. (1994) have found that mutation of Pro25 : Ala destabilizes CI2 by 02 kcal/mol. Furthermore, on the basis of this mutation and others, they conclude that Pro25 is the major residue involved in stabilization of this region, which in turn affects interactions between the a-helix and b-sheet. The simulation indicates that the geometry of the turn, in particular Pro25, and interactions between the helix and sheet are indeed coupled and disrupted in the transition state (compare Figures 1  and 2) .
Residues 52 to 54 comprise the turn connecting b 4 and b 5 . In contrast to Asp23, mutation of Asp52 : Asn yields a protein equally stable as wild-type, but it refolds slightly slower (L.S., D.E.O. & A.R.F., unpublished data). This finding suggests that this mutation raises the activation barrier by destabilizing the transition state. This residue is on the surface of the protein and it is not immediately obvious what gives rise to this effect in the transition state. In the native state, Asp52 forms a hydrogen bond with the backbone amide hydrogen of residues 54 and 56. In three of the four transition state models, Asp52 forms many strong non-native electrostatic interactions with neighboring residues (Figure 4) . In TS1 and TS4, the side-chain of Asp52 points into the protein and interacts with four main-chain amide hydrogen atoms. Besides these interactions, in TS3 Lys53 on the surface bends back into the protein and forms a strong salt bridge with Asp52 (Figure 4) . Thus, the structural changes in the main-chain and side-chain residues of the turn result in many favorable interactions between Asp52 and its surroundings in the transition state. Replacement of Asp52 with Asn in these models, should result in the loss or at least diminution of these stabilizing interactions, providing a possible explanation for the slower refolding observed.
b-Sheet (residues 3 to 5, 11 to 13, 28 to 34, 45 to 51, 55 to 58, 60 to 64)
The F values for residues in the b-sheet are uniformly low, with most below 0.3 (Table 1 ). The exceptions are residues 47 and 49, which are in the center of the b-sheet (Table 1 and Figure 2 ). The calculated and experimental values are in good agreement for residue 49, but the F value of residue 47 is overestimated by the simulation due to the integrity of the local b-structure in that segment (residues 47 to 49).
Most of the other S values for this portion of secondary structure are lower than for the residues mentioned above, and the structures from the simulations support the interpretation from experiment that the b-sheet is quite disrupted in the transition state ( Figure 5 and compare Figures 1  and 2) . Furthermore, the different transition state models illustrate that there is considerable structural heterogeneity in the b-sheet region. Fraying of the strands is particularly evident at the top of the sheet in the transition state model of Figure 2 ; however, closer inspection indicates that the entire sheet is affected ( Figure 5 ). The packing component of S is also low, although slightly increased values are observed for residues in b 4 whose side-chains point into the hydrophobic core (see Figure 2 and Table 1 ). Fersht and co-workers argue that the behavior of Thr3, Ile30, Val34, Ala58, Val60, and Val63 probe the secondary structure of the b-sheet because these side-chains interact predominantly with other b-sheet residues. The S and F values for these residues are low (Table 1, Figure 2 ). In particular, these low S values are due to the low S 3°c omponent that reflects the disruption of the sheet even though individual strands remain relatively extended ( Figure 5 ). Comparison of experiment and simulation leads to the conclusion that a fractional F value is indicative of partial formation of secondary structure.
At the top of b 3 and the active site loop, as depicted in Figure 1 , there is a bulge stabilized by a hydrogen bond between the hydroxyl group of Thr36 and the carbonyl of Pro33 in the native state (the oxygens are separated by 2.6 Å ). Itzhaki et al. (1995) concluded that this hydrogen bond is not formed in the transition state because of the low F Table 1 , but the S values shown here are averages over all four transition states to get a better idea of the behavior of the ''family'' of transition state structures. Residues for which FF values are unavailable are colored white in the structure depicting the experimental data. The S values are given for all residues, consequently some of these values are predictions. This and Figures 4 and 6 were made using UCSF MidasPlus (Ferrin et al., 1988). value for removal of the hydroxyl group, Thr36 : Val (Table 1) . For TS1 and TS4, the calculated S value is in good agreement, although the hydrogen bond is intact. However, this hydrogen bond is lost in the other two transition states (the HO g . . .O = C distance ranges from 6.5 to 7.4 Å ) and the bulge is ablated. In three of the four transition states, the other side of the sheet, b 4 and b 5 , interacts with the N terminus of the helix, as illustrated in Figure 2 for TS1. In particular, a specific, stabilizing non-native interaction is formed through the movement of the loop and rotation of the N-cap residue Ser12 to hydrogen bond with the carbonyl on residue 55 of the turn (1.90 Å ). As mentioned above, Ser12 is involved in a capping interaction of the N terminus of the helix in the native state.
The N and C termini of CI2 are close in the native state (the a-carbons of residues 3 and 63 are separated by 5.3 Å ). However, a common feature of the unfolding in the four simulations is that the core of the molecule ''cracked open'' and the N terminus moved away from the core. This motion led to a 12 to 19 Å separation of the termini in the transition state. This finding is consistent with the low experimental F values near the termini (residues 2, 3, 58, 60 and 63, Table 1 ).
Active site loop (residues 35 to 44)
The F values for the active site loop between b 3 and b 4 are low (Table 1), indicating that there is little native structure preserved in the transition state. The tertiary component of the calculated S values is fairly high (for most residues, over 50% of the packing interactions are preserved in the transition state). In three of the six single mutations in this loop, the side-chains participate in the minicore. Although characterized as a loop, this region is stabilized in the native state by hydrophobic interactions in the minicore and strong electrostatic interactions across the loop (salt bridges between Glu41 and Arg45 and between Glu41 and Arg48, as well as weaker interactions between Arg48 and the main-chain carbonyl of Thr39). These electrostatic interactions have been suggested to be comparable to disulfide bonds in terms of stabilizing the structure (McPhalen & James, 1987; Jandu et al., 1990) . The Glu41-Arg45 salt bridge is intact in the transition state model, although changes in the orientations of both Arg48 and Glu41 result in loss of their salt bridge. Instead, Arg48 forms a non-native salt bridge with the C-terminal carboxyl group (on residue 64). Thus, while some of the overall features of the loop appear to be preserved in the simulated transition state (Figure 2) , local distortions and the mobility of the main-chain, combined with diminished packing interactions, lead to low F values.
The hydrophobic core: docking of the a-helix and b-sheet
The properties of the hydrophobic core have already been discussed in depth elsewhere (experiment: Jackson et al., 1993a; Otzen et al., 1994; Itzhaki et al., 1995; and simulation: Li & Daggett, 1994, 1996) . In short, the residues in the interior of the core in the native state are more structured than those on the edges, and the F F , average F MD and S values are in good agreement on this point (correlation coefficient between them is e0.94 in the core). This means that the S values are also in agreement with the earlier F MD values. In fact, for Ile57, which was troublesome for the F MD approach, the structure index S yields better agreement with experiment, even though consideration of the nature of the mutation is not included.
Given the overall agreement for the core residues, one can use the transition state models to investigate the detailed packing interactions stabilizing the core and the associated secondary structure elements. For example, while the experimental F F values at the N terminus of the a-helix are high, the value for Ala16 stands out at 01. This residue occupies a strategic position in the protein: it is completely buried in the hydrophobic core in the native state, thus reflecting the structural integrity of the core and the docking of the a-helix and b-sheet. The F MD values for Ala16 are high (the average for the four transition states is 0.84 and the highest is 0.95), and the S values are 0.77 to 1.10. Such high values are necessarily due to both high native secondary structure and extensive tertiary contacts.
In the native state, Ala16 interacts predominantly with Leu49 and Ile57. These three residues remain in fairly close proximity in the transition states (the C-C distances are within 06 Å , Figure 6 ). Packing interactions with Leu8 and Ile20 also occur in the crystal structure. Ile20 remains near Ala16 in the transition state structures by virtue of their high helix content. Close interactions with Leu8 of the N-terminal strand were lost in all but TS2. Also, slight changes at the N terminus of the helix this residue does indeed report on the docking of the helix to a portion of the b-sheet. Furthermore, the packing interactions observed here are non-local in sequence in the native state, as opposed to being very local as in the case of Val19. As such, it appears that Ala16 may well be important in nucleating folding, or at least stabilizing non-native collapsed forms of the protein, as suggested by Itzhaki et al. (1995) . In this regard it is noteworthy that tertiary interactions involving Ala16 persist longer than those of most other residues in the core (Figure 3 of Li & Daggett, 1996) .
Conclusions
Two independent and very different approaches have been used in an attempt to characterize the transition state of protein folding/unfolding of chymotrypsin inhibitor 2, and the results of those studies have been compared in depth. Overall the two methods produce quite similar results. Both methods indicate that there is partial structure formation in the transition state: the F values are intermediate between values indicative of fully formed or fully disrupted structure. The a-helix is the most structured region of the protein, although it is very mobile and its C terminus is distorted. The b-sheet is disrupted substantially, with essentially complete loss of structure at the periphery away from the core (Figures 2 and 5) .
Inspection of the time course of the expansion and loss of secondary structure during the simulations indicates that these events occur concurrently ( Figure 5 of Li & Daggett, 1996) . This finding has important implications for the mechanism of folding and suggests that CI2 does not fold via the framework model, instead the hydrophobic collapse model is more appropriate with secondary structure formation occurring concomitant with allowed Val13 to more closely approach Ala16 in TS2 and TS3.
As mentioned above, a common feature of the unfolding simulations is the movement of the N-terminal strand, encompassing b 1 and b 2 , away from the core. This movement has little effect on Ala16, as portions of the strand remain in contact with this residue, as described above. Another general early event in the unfolding of CI2 is the splitting of b 3 and b 4 and outward movement of the active site loop (Figure 2 and see Figure 4 ; Li & Daggett, 1996) . In this regard, it is interesting to note that the largest F value in the b-sheet is for Leu49 on b 4 and reflects its interactions with the helix (Table 1, the S value for residue 32 is also high, 0.5, but not representative of the other transition state structures, which have S = 0 to 0.1, and F F for VT60 is 0.5 but the values for the three other mutations at this position are 0 to 0.1).
Overall, Ala16 preserves many native packing contacts in the transition states in addition to some that are non-native, but the changes to the environment around Ala16 are relatively minor and collapse and further consolidation takes place within this collapsed state. Furthermore, both the experiments and simulations suggest that there is a single family of transition states as opposed to parallel pathways and parallel transition states. Itzhaki et al. (1995) have proposed that Ala16 is a nucleation site in folding. The simulations provide some clues as to what may be occurring in the vicinity of this residue during the folding process. Ala16 retains some native interactions with neighboring core residues in b 4 and b 5 (most notably with Leu49 and Ile57), although packing contacts are diminished relative to the native state. While these interactions could indicate that the a-helix is docked onto the b-sheet in the transition state, the transition state models indicate that the docking involves only a portion of the b-sheet, specifically b 4 and b 5 . The F value analysis supports this idea, as only Ala16 and Leu49 have F values e0.5. Although b 3 and b 4 are the ''best'' structured, and presumably most stable, b-strands in CI2 according to their backbone dihedral angles, b 3 does not give S values greater than the average value for the core.
The overall picture from the experimental and theoretical studies is that CI2 folds by a collapsenucleation-condensation mechanism. As suggested by the F value analysis and demonstrated directly in the simulations, expansion and loss of secondary structure occur concomitantly. Particular patches on the a-helix and the b-sheet are important in nucleating the core, and structure is looser radiating away from this area (Figure 2) . Thus, this can be viewed as the ''folding core'' and subsequent events in folding involve condensation about this region, which in turn leads to consolidation of secondary structure. The N-terminal region of the a-helix is highly structured, although fluctuating in the transition state. The F and S values are also high, however, for the residues on the surface of the helix. The simulations indicate that these regions do not participate directly in folding and the high packing component of the calculated S values is from local packing interactions that are a consequence of the high helix content.
Although there are assumptions and approximations inherent in deriving both the F F and the S values, it is gratifying that the results are in such a good agreement. For example, the correlation coefficient for the S and F F values in Table 1 is 0.87, when only one value for each residue (that involving the least disruptive mutation or Ala : Gly scanning) is used for comparison. In addition, such agreement between two independent and very different methods lends support to the different approaches. For example, since the structure index S is completely independent of the nature of the mutation and is evaluated for the wild-type residue of interest, when S and F agree, the simulations support the assumption of the protein engineering method that the mutation is merely a probe of the structure of the wild-type transition state. Likewise, when there are differences it may suggest that the mutation has changed the unfolding pathway, reports on fine structure, solvation effects, or that the simulation is not accurately reflecting reality. In this regard, it is interesting to note that in every case where a F F value is available for an Ala : Gly substitution, which is a benign and ''clean'' mutation, the correspondence between S and F F improves or at least remains the same (Table 1) . In other words, removing possible complications, such as polar t non-polar changes, solvation effects or other specific local interactions upon mutation, brings the F F values closer to the structure indices determined from the transition state models. That there is such good agreement between the F values for different mutations at some sites whereas the values at other sites vary with the nature of the mutation, suggests that the protein engineering method is extremely sensitive and able to provide an estimate of the contributions of complicating effects to the energetics of folding. Thus, there is a synergism between the simulations and experiments. In the absence of experimental information, we have little confidence that the molecular dynamics simulations are correct, especially when only one or a few simulations are performed. On the other hand, even though the experimentally derived F values may reflect the extent of overall structure formation, they do not provide an actual atomic-resolution three-dimensional structure of the transition state. By combining the two approaches, however, we have a framework for interpreting F values and can hopefully arrive at a more trustworthy model of the transition state.
Methods
The experimental and simulation methods have been described (Itzhaki et al., 1995; Li & Daggett, 1996) . Here, we present only the method used to compare the structure of the simulated transition state with that studied experimentally. The approach used is approximate in nature and does not involve construction of the actual mutants. We assume that the mutation is truly just a probe of the structure. Since the structure of the transition state is known in the simulation, we evaluate the fraction of native secondary (S2°) and tertiary (S3°) structure retained in the transition state directly and define the overall local structure S as the product of S2°and S3°, that is S = (S2°)(S3°).
The fraction of native secondary structure in the transition state around residue i is taken to be the average for residues i − 1, i and i + 1. For example, if the residue i is in the center of the a-helix and the helix content of residues i − 1, i and i + 1 is 0.9, 0.5 and 0.7, respectively, then the local fraction of secondary structure is 0.7. For residues in the a-helix and the b-sheet, the secondary structure content was based on (F, C) values, as described previously (Daggett et al., 1991; Daggett & Levitt, 1992) . For residues in other regions of the protein, the native conformation is defined as having (F, C) values within 35°of the average values calculated from the NMR-derived solution structures (Ludvigsen et al., 1991) . The individual values were calculated, using structures spanning the portion of the unfolding trajectory representing the transition state (25 structures were used for each of the four simulations, MD1-MD4; see Table 2 of Li & Daggett, 1996) .
The tertiary structure contribution to S, S3°, was estimated based on the ratio of the number of tertiary packing contacts the residue of interest makes in the transition state relative to that in the native state (S3°= number of 3°contacts in TS/number of 3°contacts in N). Tertiary packing is defined as the number of van der Waals contacts the residue of interest makes with those that are separated by two or more residues from it (see Li & Daggett, 1996 for the calculation of van der Waals contacts). The contacts in the transition state can be either native or non-native.
While this is a very simplistic approach to estimating the structure content in the simulated transition state models, it allows us to differentiate the relative contributions from main-chain structure and tertiary packing interactions in the models and, by extension, in the experimental FF values. In ideal cases of S = 0 or 1, S has precisely the same structural interpretation as FF derived from protein engineering experiments. Intermediate FF values, however, are difficult to interpret and the individual S components might be used to gain more insight into the structure of the transition state. In some cases, S might underestimate the overall structure formation. For example, if S2°= S3°= 0.5, then the current definition of S gives an overall structure formation of 0.25. Alternatively, one could take the average of S2°and S3°, which gives an overall structure index of 0.5. We believe, for proteins that fold through concurrent formation of both secondary and tertiary structure, that it is more appropriate to define S to be the product of S2°and S3°. In the case of CI2, the correlation between S and FF becomes much worse when S is taken as the average of the two components. That the product of these components correlates with experiment suggests that the effects of changes in secondary and tertiary structure on stabilization of the protein are not additive and, instead, that destabilizing interactions are weighted more heavily.
